ABSTRACT Four geographically distinct colonies of the human head louse, Pediculus humanus capitis De Geer (Anoplura: Pediculidae) were reared on a live host and exhibited signiÞcantly different life history patterns. Florida head lice exhibited Ϸ10% slower development and Ϸ15% reduced longevity relative to California or Ecuador head lice. Fecundity (4.9 Ϯ 0.2 eggs/female/d) and fertility (76.4 Ϯ 2.9% mean hatching rate) declined over the lifetime of female lice, especially when separated from males (i.e., unmated recently). All four colonies (above plus one from Panama) were similar in their ability to tolerate starvation, although older stages tended to die sooner. An in vitro feeding apparatus was developed to rear head lice. Teneral Þrst instar lice were placed on human hair tufts on the upper side of membrane-covered feeders, which were immersed bottom-side down within a vessel containing warmed human blood. Relative to lice reared on a human host, in vitro-reared lice required a signiÞcantly longer time (10 Ð20%) to molt and survived a signiÞcantly shorter time as adults (30 Ð50%); the addition of antibiotics did not adversely affect louse development. Teneral Þrst instars were more likely than any other stage to feed through the membrane. Lice spent a signiÞcantly greater proportion of time searching in the in vitro apparatus than on a host, but the proportion of time spent feeding did not differ. This research is the Þrst to demonstrate that head lice can be reared successfully in vitro through a complete life cycle.
EVERY YEAR, 6 Ð12 MILLION people in the United States are infested by head lice (pediculosis) (Gratz 1999) . Despite evidence that infestation is not correlated with socioeconomic status, pediculosis is a socially undesirable parasitic condition accompanied by social stigma, sleeplessness, pruritus, and lost days in school (Mumcuoglu et al. 1991 , Meinking 1999 . Head lice are considered a severe nuisance, but few researchers have studied head louse biology since the Þrst part of the last century (Bacot 1917 , Nuttall 1917 , Buxton 1936 . Research interest in head lice has reemerged because reports of resistance to topical pediculicides have been documented around the world (Chosidow et al. 1994 , Burgess et al. 1995 , Mumcuoglu et al. 1995 , Rupes et al. 1995 , Picollo et al. 1998 , Pollack et al. 1999 , Lee et al. 2000 .
Filter paper assays carried out in Petri dishes are currently the best and most common method to determine levels of topical insecticide resistance in head lice (Lee et al. 2000) . Although such bioassays are informative and provide comparable, standardized results, Þlter paper bioassay data may not accurately represent in vivo pediculicide treatment and are inappropriate for systemic pesticide testing. Insecticidetreated lice are likely able to continue blood feeding; blood ingestion may alter the availability of the insecticide or the physiology of the louse, thereby modifying subsequent mortality. It is impossible and unethical to perform similar bioassays using human hosts, however, because mortality effects may not be observed for 24 or more hours and observing lice on a host is extremely difÞcult. The best alternative is to observe insecticide-treated head lice within an in vitro setting, which allows lice the opportunity to blood feed. No such in vitro setting or rearing mechanism currently exists.
In vitro rearing methods have been developed for many different hematophagous insects, but most of these insects are temporary parasites and only feed on blood periodically (Tarshis 1958 , Smith 1966 , Langley and Pimley 1978 , Waladde et al. 1991 . The ability to maintain blood-sucking arthropods without a live host is a great convenience and eliminates the need for human or animal use protocols and approval by an Institutional Review Board (IRB) or Institutional Animal Care and Use Committee (IACUC). We examined various life history parameters of in vivo-reared lice, with special emphasis on comparing strains of different geographic origins and the ability of lice to Y. et al., unpublished data) . A third colony from Yamburara and Vilcabamba in Ecuador (EC) was established from 35 children and were used in life history and feeding behavior experiments. This strain was pediculicide-susceptible, in that it could easily be controlled by conventional chemical means of louse control used in the United States and had never been previously exposed to pediculicides (K.S.Y. et al., unpublished data). A fourth colony from Niadup and Ticantiki in Panama (PA) was founded from 12 individuals and also determined to be pediculicide-susceptible (Lee et al. 2000) . This strain was used only in starvation tolerance experiments.
Only newly hatched Þrst instars were used in feeding experiments because older stages were unlikely to feed in vitro unless entrained from a teneral state. Eggs were removed from parent louse colonies and placed within an incubator (29 o Ϯ 2ЊC) until hatching occurred. Teneral Þrst instars were either placed on a live human host or used in membrane-feeding experiments.
In Vivo Louse Maintenance. Parent colonies were maintained for 23.5 h/d on the lower extremities (33ЊC skin temperature) of a live human host (M.T.-L.) Lice were reared within the top 1.4-cm section of a 15-ml polypropylene centrifuge tube (1.5 cm diameter) containing 1.5-cm human hair tufts (Fig. 1AÐB ). These tufts (250 Ð300 hairs) were secured in a bundle with Two-Temp General Purpose Glue (Adhesive Technologies, Hampton, NH). Nylon mesh (one strand/ mm) was heat-sealed to the tube end that was placed against the skin. A polyester mesh (three strands/mm) was heat-sealed over a 1.2-cm opening made through the cap using a heated cork borer. This permitted the opening and closing of the louse container to clean and exchange hair tufts and ventilated the louse container to minimize condensation. Louse feeding sites were altered every day; the same feeding site was used every 7 d.
Life Table Characteristics . Development, fecundity, fertility, and mortality of eggs and motile stages of CA, EC, and FL strains were observed every 24 h; replicates (n ϭ 2) of observed groups began with 30 teneral Þrst instars. Hair tufts containing eggs were removed daily and replaced with clean tufts. Eggs were placed in an incubator (29 o Ϯ 2ЊC) for observation. In this manner, the mean daily number of eggs produced per female and percentage hatch could be tracked and calculated. Fecundity levels were adjusted accordingly as females died. Duration of fertility was assessed when male members of a cohort died before the females. Data were analyzed by strain using a one-way analysis of variance (ANOVA) and significance was established at the P Ͻ 0.05 level.
Starvation Tolerance. The ability of various head louse stages (n ϭ 35Ð133 total lice/stage) from CA, EC, FL, and PA in vivo-reared colonies to resist starvation was investigated by observing mortality after removal from a live host. Lice were placed in a covered Petri dish (3.5 mm diameter) in groups of 10, held at 30ЊC and 60 Ð 80% RH, and monitored every 2 h until death occurred (all limb movement and gut peristalsis ceased even when gently probed).
In Vitro Louse Maintenance. Each blood feeding reservoir consisted of a mini stir bar (magnet) contained within an inverted truncated 15-ml polypropylene centrifuge tube (2.3Ð2.7 cm in height) with the lid surrounded by silicone tubing circulating warmed water (Fig. 1CÐD ). Each feeding reservoir was placed on top of a magnetic stirrer. One milliliter of blood, plus 50 Ð200 international enzyme activity units (U) of penicillin/streptomycin (P/S) antibiotic mixture (5Ð20 l), was added to the feeding reservoir. An aquatic pump (AquaClear 402 Powerhead, Rolf C. Hagen, Inc., MansÞeld, MA) circulated water from a water bath (36 Ð39ЊC) through an Apollo 8 sprinkler manifold (DripMaster, Orbit Irrigation Products, Bountiful, UT), so that eight feeding reservoirs could be temperature-regulated simultaneously to offer a blood meal temperature of Ϸ 30ЊC. Up to 15 reservoirs could be operated by a multipoint stirrer (VarioMag Electronic Stirrers, Daytona Beach, FL). Hair tufts with lice were placed in the feeding arenas, made from a 5-ml pipet tip cut to produce an arena diameter of 1.25 cm. The lower rim of each feeding arena was covered by a silicone-reinforced ParaÞlm membrane. The membrane was formed by adding Ϸ55 mg of aquarium sealant (Perfecto Manufacturing, Inc., Noblesville, IN) between two ParaÞlm squares (2.5 ϫ 2.5 cm). The silicone was distributed evenly between the ParaÞlm sheets by gently rolling a wooden applicator stick over the squares. The entire membrane was then stretched over warm air, laid Þrmly over a feeding arena, and permitted to dry overnight. Finished membranes were Ϸ13-m thick. Occasional leakage of membranes did occur, depending upon the quality of the membrane and the skill of the maker. However, prompt rinsing of the hair tufts and lice in water usually resulted in their resuscitation and recovery.
Feeding arenas were immersed in the feeding reservoir and its position maintained within the blood supply by a bent wire. The wire grasped the feeding arena Þrmly below the ßared end of the base and provided a tight Þt within the feeding reservoir that minimized evaporation. Feeding reservoirs were bleached, cleaned with detergent, and autoclaved before subsequent use. Feeding arenas, reservoirs, and blood were changed every 24 h. Life table parameters were analyzed in the same manner as for in vivo experiments.
Blood Supplies. Human blood (A ϩ ) was purchased every 4 Ð 6 wk from a local blood bank as separate units of red blood cells and plasma collected from the same donor. Donors varied with each collection. Blood products were picked up directly from the blood bank Ϸ2Ð3 d after collection and stored on ice during transport. Plasma was stored in a freezer (Ϫ20ЊC) in 7.5-ml aliquots and thawed 24 h before use. Red blood cells were stored in 7.5-ml aliquots in a refrigerator at 2Ð 4ЊC until use; they could be used for blood meals up to 8 wk post collection. Blood products were recombined at a ratio of 1:1 before use.
Antibiotic Concentration in Blood Supplies. An antibiotic consisting of penicillin and streptomycin (10,000 U penicillin and 10 mg streptomycin/ml in 0.9% NaCl; Sigma, St. Louis, MO) was added to blood supplies to minimize bacterial growth. To test effects of antibiotic concentration on louse development, CA lice were fed 50, 100, or 200 U of P/S mixture per ml blood and FL lice were fed either 50 or 200 U P/S per ml blood. The time elapsing before the Þrst molt (to second instar) or second molt (to third instar) was compared between the various groups by either a one-way ANOVA (CA lice) or two-sample t-test (FL). SigniÞcance was established at the P Ͻ 0.05 level.
Feeding Behavior. The in vivo and in vitro behavior of teneral (newly hatched and never-before-fed) Þrst instar FL lice was observed. In vivo experiments were conducted on human volunteers and individual lice (n ϭ 10) were observed for 30-min periods interspersed over several days. In vitro experiments were conducted by observing individual Þrst instars (n ϭ 13) on a hair tuft within the feeding vessel for 30 min over a period of several days. Behaviors were separated into three major categories: (1) feeding, or the ingestion of blood; (2) resting, or lack of feeding and walking activity; and (3) searching, or ambulation. Time spent in each behavioral category was determined and the proportion of time spent in each activity was arcsine (square-root) transformed before analyses by a generalized linear model two-factor ANOVA. Pair-wise comparison of means was performed with a Tukey test and signiÞcance established at P Ͻ 0.05 level.
Feeding Success Experiments. Various life stages of lice, reared in vivo for several generations, were removed from the host colony. Individuals were starved for 10 Ð12 h and then permitted to feed for 1 h in either of two in vitro feeders physically connected by a 15-cm human hair bridge that allowed louse movement. Lice from different colonies were fed in groups of 5Ð30 (n ϭ 470 CA lice in 32 replicates; 313 EC in 24 replicates; 288 FL in 24 replicates). After 1 h, the proportion of lice that had fed was recorded; microscopic examination of the midgut conÞrmed blood ingestion. Before data analyses using one-way ANOVA, proportions of lice feeding were arcsine (square-root) transformed, and signiÞcance was determined at P Ͻ 0.05.
Results
In Vivo Louse Maintenance. Development of CA and EC lice was signiÞcantly different from FL for all stages except molting into males (Table 1) ; there was a distinct trend for FL lice to develop more slowly than the other strains. There was no signiÞcant difference between the longevity of CA, EC, or FL females, but EC males did live 5 d longer than FL males (Table 1) .
Fecundity. Mean daily fecundities and egg hatch rates were the same among colonies. The overall daily mean number of eggs produced per female (m x ) was 4.9 Ϯ 0.2 and the mean percentage of eggs hatching within a particular egg cohort (l x ) was 76.4 Ϯ 2.9% (data not shown). Of the six groups observed (two of each from the CA, EC, and FL colony cohorts, re- spectively), females failed to oviposit within the Þrst 24 h of eclosion; it also appeared that female fertility declined as a result of increasing maternal age (Fig. 2) . Fertility also declined as a function of recent mating. In two of the six cohorts, males died much earlier than females and all eggs laid by females in these cohorts subsequently were inviable within 6 Ð11 d after male extinction. Starvation Tolerance. There was little difference in the ability of various life stages to tolerate starvation, though there was a slight trend toward increasing mortality as life stage progressed (Fig. 3AÐE) . Only a few signiÞcant differences were notable within the second-and third-instar survivorship curves (Fig. 3BÐ  C) . Depending on stage and strain, 50% mortality occurred from 20 to 35 h after the last blood meal.
In Vitro Louse Maintenance. Among CA lice, Þrst and second instars, and adult males reared in vivo developed signiÞcantly faster than those reared in vitro (Fig. 4A) . Both CA males and females reared in vivo survived for signiÞcantly longer periods of time than those reared in vitro (Fig. 4C) .
The life history of FL head lice differed distinctly between those reared in vivo versus in vitro. Overall, FL lice reared in vivo developed signiÞcantly faster (10 Ð20%) than those reared in vitro (Fig. 4B) . Although the trend was consistent, longevity between FL males reared using different methods was not signiÞcantly different, although FL females survived for a signiÞcantly greater number of days if they fed on a live host (in vivo) (Fig. 4D) . Approximately 75% of eggs laid hatched (n ϭ 28) while housed within an in vitro feeder, with an average hatch time of 5.8 Ϯ 0.2 d.
Antibiotic Concentration in Blood Meals. Insects feeding on 24-h-old antibiotic-free blood did not thrive and usually died within 36 h. Recombined blood containing antibiotics could be used for 24 h, whereas antibiotic-free blood had to be changed every 12 h because of cell degradation, as microscopically observed by cell lysis and blood darkening. There were no signiÞcant differences in life history patterns among CA or FL lice ingesting different levels of antibiotic mixture within their blood meals (data not shown), so data were pooled for analysis of in vitro life history patterns. Molting times for lice fed in vitro with or without antibiotic did not differ for the age of the Þrst molt to second instar (3.7 Ϯ 0.1 d [antibiotic-free] Feeding Behavior Experiments. Three behavioral categories were documented: searching, feeding, and resting. There was a signiÞcant effect of behavioral response (F ϭ 10.53; df ϭ 2, 63; P Ͻ 0.001) and the interaction between behavioral response and feeder type was also signiÞcant (F ϭ 7.94; df ϭ 2, 63; P ϭ 0.001) (Fig. 5) . Lice feeding in vitro searched for a signiÞcantly greater proportion of time than those feeding in vivo and those resting in vitro or in vivo. Lice spent a greater proportion of time feeding in vivo than resting in vitro or in vivo. There was, however, no signiÞcant difference in the proportion of time spent feeding on either the in vivo host or in vitro apparatus.
Feeding Success Experiments. Only data from teneral Þrst instars were statistically analyzed because so few individuals of other stages successfully ingested blood. CA (35.8 Ϯ 4.6%) and FL (33.4 Ϯ 4.9%) Þrst instar head lice were more likely to feed through the ParaÞlm-silicone membrane than EC lice (10.9 Ϯ 2.7%) (F ϭ 10.47; df ϭ 2, 77; P ϭ 0.0002).
Discussion
Life history differences between head louse strains of various geographic origin were not large, and perhaps could even disappear over time through adaptation to identical rearing conditions. The subtle decreases in mean daily fecundity and fertility of female lice through time suggest that solitary females are still capable of founding a new infestation on a host, even after starving for numerous hours and not having mated for up to 5 d. Although many lice die within 30 h of being separated from a host (30ЊC), head lice can survive for longer periods of time at cooler temperatures (Nuttall 1917) , as would be experienced by a louse off of its host. In addition, we have observed that Ϸ60% of females can survive starvation for 36 h and then successfully ingest a blood meal (M.T.-L., unpublished data).
Lice that were continuously reared on a human host tended to develop more quickly and survived as adults for longer periods than lice reared in vitro. In vitroreared lice may have required more time to develop because of smaller ingested blood meals, as has been demonstrated with other hematophagous arthropods feeding through artiÞcial membranes (e.g., Harrington et al. 2001 , Kuhnert 1996 , or reduced nutritive value of stored blood bank blood. Although differences were observed between individuals reared on in vivo versus in vitro systems, the in vitro rearing sys- tems, or any research information that they may provide, are still useful. Problems rearing lice in vitro include inevitable and unpredictable membrane leakages, possible bacterial contamination in an unsterile laboratory environment, blood and apparatus expenses, and the amount of time and labor required to operate the apparatus. However, these problems would be offset by the beneÞt of rearing head lice without host irritation.
No signiÞcant differences in developmental times existed between in vitro-reared lice ingesting blood with various concentrations of antibiotic, ranging from 50 to 200 U/ml blood. Thus, louse symbiotes appear to be unaffected by P/S antibiotics; had they been adversely affected, few, if any would have survived past the Þrst molt (Aschner 1934) and no viable eggs would have been produced. Fertile egg production (Ͼ70% hatch) occurred within our in vitro system, even when eggs were incubated on the apparatus for the entire duration of their development.
Despite attempts to mimic the human host head with the in vitro apparatus, the in vitro setting is still rather crude. Fewer host cues were probably present and lice sometimes were reluctant to feed on the ParaÞlm-silicone membrane. This may have caused the different behavioral responses by lice experiencing the in vitro setting versus a live host. We found it especially interesting that early-stage entrainment was required for subsequent stages to feed successfully through this particular artiÞcial membrane. Even Þrst instars that had been Þrst maintained in vivo for 1Ð3 d were less likely to feed in the in vitro system than teneral Þrst instars. Thus, to establish in vitro colonies in this apparatus, founders must Þrst be reared in vivo to fertile adults on a human host, and teneral Þrst-instar progeny should be used to initiate the in vitro population. Additionally, life history pattern differences between colonies of different origins suggest that certain geographic strains may be easier to colonize in vitro than others. Perhaps manipulation of the blood quality or the membrane quality may minimize the differences existing between the in vivo and in vitro setting.
We have noted several minor differences between lice reared in vivo versus in vitro and among louse colonies of different origin. The next step will be to examine whether the toxicological responses to pediculicides is similar for lice reared in vitro versus in vivo. It will also be of interest to test louse performance on alternative (nonhuman) blood sources using this in vitro system.
Our artiÞcial rearing apparatus is amenable to conducting further research on louse biology, behavior, and response to pediculicides. Head lice can be reared in vitro without direct human involvement, and the various effects of topical and systemic pediculicides can be observed under controlled conditions using established "reference" strains. With the use of hair tufts, head lice can be exposed to pediculicides, both old and new, in a manner that mimics their application to humans, while simultaneously being permitted to feed, rest, and move as they do in their natural environment.
